ABSTRACT Resistance to malathion has been reported in Þeld populations of the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), in areas of Spain where an intensive use of this insecticide was maintained for several years. The main goal of this study was to determine whether resistance to malathion confers cross-resistance to different types of insecticides. Susceptibility bioassays showed that the malathion-resistant W-4Km strain (176-fold more resistant to malathion than the susceptible C strain) has moderate levels of cross-resistance (three-to 16-fold) to other organophosphates (trichlorphon, diazinon, phosmet and methyl-chlorpyrifos), the carbamate carbaryl, the pyrethroid lambda-cyhalothrin, and the benzoylphenylurea derivative lufenuron, whereas cross-resistance to spinosad was below two-fold. The W-4Km strain was selected with lambda-cyhalothrin to establish the lambda-cyhalothrin-resistant W-1K strain (35-fold resistant to lambda-cyhalothrin). The synergistic activity of the esterase inhibitor DEF with lambda-cyhalothrin and the increase in esterase activity in the W-1K strain suggests that esterases may be involved in the development of resistance to this insecticide. Our results showed that resistance to malathion may confer some degree of cross-resistance to insecticides currently approved for the control of Mediterranean fruit ßy in citrus crops (lambda-cyhalothrin, lufenuron, and methyl-chlorpyrifos). Especially relevant is the case of lambda-cyhalothrin, because we have shown that resistance to this insecticide can rapidly evolve to levels that may compromise its effectiveness in the Þeld.
The Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), is one of the most economically damaging pests of citrus (Citrus spp.) orchards. Direct losses caused by C. capitata have signiÞcantly increased during the last decade in Spain, due to the expansion of extra-early varieties of clementines, extremely susceptible to the attack by this insect. In addition, the losses derived from the imposition of quarantine periods and very restrictive protocols for the exportation of citrus fruits have aggravated the problem. Control measures in the Comunidad Valenciana, which is the main area of citrus production in Spain, have been mainly based on Þeld monitoring of population levels and aerial and ground treatments with malathion bait sprays. The situation changed in 2009, when the decision of noninclusion of malathion in Annex 1 of the Directive 91/414/EEC that regulates the process of revision of phytosanitary products resulted in the withdrawal of this insecticide in the European Union. Several insecticides are currently approved for Mediterranean fruit ßy control in citrus crops in Spain (http://www.mapa.es/es/agricultura/pags/ Þtos/Þtos.asp), being spinosad and lambda-cyhalothrin the insecticides of choice in the last two campaigns. In addition, Ͼ4,000 ha is treated using lufenuron as a chemosterilant (Navarro-Llopis et al. 2010) .
The intensity of the insecticide treatments with malathion-lure against C. capitata resulted in the development of resistant populations in some areas of Spain (Magañ a et al. 2007 ). Once resistance has been reported, an important aspect for the successful control of a pest is to investigate the mechanism of resistance and the screening of possible cross-resistance to alternative insecticides. In C. capitata, resistance to malathion has been associated with a single point mutation G328A in the target acetylcholinesterase (AChE) and to an unknown esterase-mediated mechanism (Magañ a et al. 2008) . Mutated AChE may confer cross-resistance to other organophosphates and carbamates targeting this enzyme, whereas esterasemediated metabolic resistance may result in a wider range of cross-resistance to insecticides with different modes of action .
A previous study showed that a malathion-resistant strain (W) of C. capitata was 10-fold more tolerant to fenthion compared with a susceptible laboratory strain, whereas the susceptibility to spinosad was similar in both strains (Magañ a et al. 2007 ). The aim of this study was to determine the susceptibility of the malathion-resistant strain (W-4Km), derived from the W strain, to a broader range of insecticides, including commercial formulations currently approved for Mediterranean fruit ßy control in citrus crops in Spain. In addition, we have evaluated the potential of the W-4Km strain to develop resistance to lambda-cyhalothrin.
Materials and Methods
Insects. The malathion-susceptible (C) strain was established at Instituto Valenciano de Investigaciones Agrarias (Valencia, Spain) from wild C. capitata collected at nontreated experimental Þelds in 2001 and has been maintained in our laboratory without exposure to insecticides at standard conditions (22Ð25ЊC and a photoperiod of 18:6 [L:D] h).
All resistant strains described here derive from a malathion-resistant (120-fold) Þeld population collected in 2004 from citrus orchards (Castelló n, Spain) treated with malathion (eight to nine aerial treatments and two to four ground treatments per year in 2003 and Magañ a et al. 2007) . Individuals from this population were initially selected by feeding on artiÞcial diet containing malathion (1,000 Ð3,000 ppm for 24 Ð 48 h, Ϸ50 Ð70% mortality) to obtain the malathion resistant W strain (79-fold; Magañ a et al. 2007 ). The resistant strain W, after 31 generations in the laboratory, have been renamed as W-4Km after adapting females to lay eggs through a gauze and Þxing selection conditions by exposing adults each generation to 4,000 ppm of malathion in the diet during 48 h.
A lambda-cyhalothrin selected strain (W-1K) has been obtained by selecting the W-4Km strain, after 39 generation in the laboratory, with lambda-cyhalothrin for 12 generations. Each generation, Ϸ1,000 Ð2,000 adults (3Ð5 d old) of the W-1K strain were treated with increasing concentrations of lambda-cyhalothrin for 24 Ð 48 h to obtain Ϸ70 Ð 80% mortality. From generation 9 on, the selection pressure was maintained at 1,000 ppm for 48 h.
Insecticides. Bioassays. Feeding bioassays were used to assess the susceptibility of the C and W-4Km strains to malathion, trichlorphon, diazinon, phosmet, methyl-chlorpyrifos, lambda-cyhalothrin, and spinosad, and the susceptibility of the W-1K strain to lambda-cyhalothrin. The arena for the bioassays consisted of ventilated plastic dishes (89 mm in diameter, 23 mm in height). Ten to Þfteen pupae were conÞned per plastic dish, and the emerged adults were fed with water and rearing diet (4:1:0.1, glass sucrose/hydrolyzed yeast/ water) for 3Ð5 d before testing. After this time, the rearing diet was replaced by diet containing the appropriate concentration of insecticide. The insecticides were diluted in water and mixed with the diet to obtain a range of Þve to seven different concentrations that resulted in Ͼ0 and Ͻ100% mortality. Four replicates were performed for each concentration (in total, 40 Ð 60 ßies per concentration). The control consisted of diet mixed with water. Adult ßies were kept in an environmentally controlled chamber during the tests, under the conditions indicated above. Mortality was recorded after 48 h. Flies were considered dead if they were ataxic (remained on their backs, unable to walk, with no further sign of movement). In the bioassays performed with the W-1K strain, adults were exposed to 24-h starvation before treatments to minimize the potential repellent effect of lambda-cyhalothrin at the high doses applied.
Topical bioassays were used to determine contact susceptibility to carbaryl in the C and W-4Km strains, due to the low activity of this insecticide by ingestion. The insecticide was diluted in acetone to obtain a range of doses. Adult ßies (3Ð5 d old) were maintained at 4ЊC for 30 min; thereafter, a 0.5-l drop of insecticide solution or acetone alone (used as control) was applied to the dorsal thorax of each ßy by using an automatic microapplicator 900X (Burkard Manufacturing Co., Hertfordshire, United Kingdom). Four replicates per concentration were performed. After treatment, insects were placed in the ventilated plastic dish containing water and rearing diet, and mortality was recorded after 48 h.
Sterility bioassays were used to determine the sterile effect of lufenuron in the C and W-4Km strains. Lufenuron was diluted in acetone (100 mg of lufenuron in 25 ml of acetone). Ten grams of a mixture of yeast autolysate from Sigma-Aldrich (Steinheim, Germany) and sucrose 1:4 (wt:wt) was prepared for each dose. The corresponding volumes to obtain the desired doses of lufenuron were taken from the initial lufenuron dilution and were brought up to 5 ml with acetone. The 5-ml volume of each dose was added to 10 g of the mixture yeast/sugar, to be homogenized in a mortar. The Þnal product was left air dry for 1 h in the laboratory. Five mated females (5Ð7 d old), previously starved for 24 h, were placed in Plexiglas cages (10 by 10 by 10 cm) with a mesh screen on one side. The ßies were fed with lufenuron-treated food for 24 h. Thereafter, the lufenuron-treated food was removed, and diet without lufenuron was placed in each cage. Females lay eggs through the mesh screen, and the eggs fall to a plastic container Þlled with water. One hundred and Þfty eggs per cage, laid between 24 Ð 48 h after the bait ingestion, were collected with a Pasteur pipette and placed onto three petri dishes with agar gel (3 g liter Ϫ1 ), 50 eggs per petri dish. Three days after the eggs were placed in the dishes, egg hatch was evaluated, by using a stereomicroscope (model MZ75, 40r, Leica Microsystems, Heerbrugg, Switzerland). Four replicates per concentration (in total, 450 eggs per concentration) were performed.
The synergist DEF was diluted in acetone and applied topically to adult ßies of the C and W-1K strains, as described above. The applied dose of DEF (1 g per insect) was the highest dose of the synergist that showed no mortality on adults from the C strain. Acetone was used as a control. After 2 h, the ßies were treated with lambda-cyhalothrin as described in the feeding bioassay.
Enzyme Assays. Esterase speciÞc activity toward the substrates ␣-naphthyl acetate (␣-NA) and methylthiobutyrate (MTB) was measured in 3Ð 4-d-old adult ßies from the C and W-1K strains. Substrates were purchased from Sigma (St. Louis, MO). Newly emerged male and female ßies were maintained separately for 4 d in an environmentally controlled chamber, under the environmental conditions indicated above. Abdomens were dissected and stored individually at Ϫ80ЊC until the enzyme activity assays were carried out. Abdomens were thawed on ice and homogenized individually in 20 l of 0.1 M sodium phosphate buffer, 0.5% (vol:vol) Triton X-100, pH 7.5, with a hand-held pestle. After adding 480 l of the same buffer without Triton to each sample, the homogenates were centrifuged for 10 min at 20,000 ϫ g and 4ЊC. Two hundred microliters of the supernatant was transferred to a fresh tube and used immediately for enzyme activity and total protein determination. In total, 30 males and 30 females of each strain were analyzed.
Esterase activity toward ␣-NA was measured according to the end-point method of van Asperen (1962), with some modiÞcations. Five microliters of diluted supernatant (1:1 in 0.1 M sodium phosphate buffer, pH 8.0) was added to 45 l of reaction mixture in a 96-well microtiter plate to give a Þnal concentration of 2 mM ␣-NA. The mixture was incubated for 5 min at 30ЊC, and then the reaction was stopped by adding 50 l of 0.12% (wt:vol) o-dianisidine bis (diazotized) zinc double salt (Fast Blue B Salt) and 2% (wt:vol) sodium dodecyl sulfate in 50 mM sodium phosphate buffer, pH 8.0. The color was allowed to develop for 5 min before the absorbance was measured at 597 nm in a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA,) with SoftMax Pro version 5 software. To transform absorbance units to concentration, a molecular extinction coefÞcient 597 ϭ 4.833 Ϯ 0.199 mM Ϫ1 (100 l, 0.3125-cm optic path; three separate experiments) was calculated by constructing a ␣-naphthol standard curve in the same conditions as those of the ␣-NA assay.
Esterase activity toward MTB was measured following the kinetic assay reported by Kao et al. (1985) , with some modiÞcations. The reaction mixture contained 0.1 M sodium phosphate buffer, pH 7.5, 30 mM MTB, 1 mM 5,5Ј-dithiobis(2-nitrobenzoic acid), and 10 l (females) or 20 l (males) of supernatant in a 100-l total volume. Different volumes of homogenates were needed for males and females to be able to measure the reaction rates within the dynamic range of the enzyme assay. The reaction was followed at 412 nm for 2 min at 30ЊC in the VERSAmax microplate reader ( 412 ϭ 4.25 mM
Ϫ1
, 100 l, 0.3125 cm optic path, adapted from Ellman [1959] ).
Activity measurements were carried out in triplicate for each insect, and blanks containing all the reagents but no sample were prepared to correct for the nonenzymatic breakdown of the substrate. The activity is expressed in nanomoles of substrate transformed per minute per milligram of protein. The total protein content in abdomen homogenates was determined using the DC Protein Assay (Bio-Rad Laboratories, Hercules, CA), with bovine serum albumin as the protein standard.
Statistical Analysis. Mortality data were used to estimate the concentrations needed to cause 50% mortality (LC 50 ) by probit analysis using POLO-PC (LeOra Software 1997), which automatically corrected for control mortality by AbbottÕs transformation. For lufenuron, the effective concentration that produces a 50% reduction in fertility (EC 50 ) was calculated. Resistance ratios were calculated as the LC 50 value of the resistant or selected strain with respect to the LC 50 calculated for the control strain in each case, and the signiÞcance was tested by the 95% Þducial limits (FL) of resistance ratios at the LC 50 (Robertson and Preisler 1992) . Synergistic ratios were calculated as the LC 50 value without synergist with respect to the LC 50 value with synergist, and the signiÞcance of the effects was tested by the 95% FL of the synergistic ratios at the LC 50 . Enzyme activities were compared with StudentÕs t-test for independent samples. Homogeneity of variance was checked with LeveneÕs test, and when they were found unequal, the unequal variance t values and adjusted df were used instead (IBM SPSS Statistics version 19 software package, SPSS, Chicago, IL). Differences between treatments were considered signiÞcant at the P Ͻ 0.05 level.
Results
Cross-Resistance to Insecticides. Results on the susceptibility of the W-4Km and C strains to organophosphates markedly differing in their molecular structure; a carbamate; a pyrethroid; spinosad; and a benzoylphenylurea are shown in Table 1 . The W-4Km strain was 176-fold more resistant to malathion than the C strain. This represents a further increase in resistance compared with the W strain from which it was derived, which was Ϸ80-fold more resistant than the C strain (Magañ a et al. 2007 ). Differences in susceptibility were obtained between both strains for most of the insecticides tested. The highest resistant ratios August 2011
were obtained with the organophosphates trichlorphon (seven-fold), diazinon (16-fold), methyl-chlorpyrifos (seven-fold) and phosmet (Ͼ15-fold, 30% mortality at the maximum concentration applicable of 2,000 ppm), and with the carbamate carbaryl (Ͼfour-fold, 17% mortality at the maximum concentration applicable of 2.5 g/g insect). Interestingly, W-4Km was also less susceptible to the pyrethroid lambdacyhalothrin (three-fold) and the benzoylphenylurea lufenuron (six-fold). On the contrary, W-4Km was only 1.5-fold more tolerant to spinosad compared with the C strain.
Selection of Resistance to Lambda-Cyhalothrin. A lambda-cyhalothrin resistant (W-1K) strain was generated by continuous selection of the W-4Km strain with lambda-cyhalothrin (Table 2) . Adults were exposed to increasing concentrations (500 Ð 4,000 ppm for 2 d) of lambda-cyhalothrin for eight generations, being the selection pressure settled to 1,000 ppm for 2 d in succeeding generations. The resistance ratio to lambda-cyhalothrin of W-1K ßies in comparison to W-4Km was three-fold after six generations of selection and increased to Þve-to nine-fold in the next two generations. After 12 generations of selection, the resistant ratio of W-1K (LC 50 ϭ 759 ppm) reached 13-fold with respect to W4-Km (LC 50 ϭ 60 ppm for W-4Km) and 35-fold compared with the C strain (LC 50 ϭ 22 ppm). The susceptibility of W-1K to malathion was maintained in the absence of malathion selection pressure (LC 50 ϭ 2,924 ppm, slope ϭ 1.11 Ϯ 0.15, 2 ϭ 18.59, df ϭ 26, at F12 generation). Effect of Synergist DEF on Susceptibility to Lambda-Cyhalothrin. Adult ßies of the W-1K and C strains were pretreated with DEF to determine the effect of this synergist on the insecticidal activity of lambdacyhalothrin (Table 3 ). In the W-1K strain, DEF signiÞcantly enhanced the activity of lambda-cyhalothrin (synergistic ratio ϭ 2.5), whereas no signiÞcant effects were obtained when adults of the C strain were treated with DEF. Robertson and Preisler (1992) .
c Good Þt of the data to the probit model (P Ͼ 0.05). d RR is signiÞcant (P Ͻ 0.05) if the 95% FL does not include 1. e LC 50 or LD 50 values could not be calculated due to insufÞcient mortality at the highest concentrations/doses tested. f For lufenuron, the EC 50 that produced a 50% reduction in fertility was calculated. Robertson and Preisler (1992) .
c Good Þt of the data to the probit model (P Ͼ 0.05). d RR is signiÞcant (P Ͻ 0.05) if the 95% FL does not include 1.
Esterase Activity in Susceptible and Lambda-Cyhalothrin Resistant Strains. The speciÞc activity toward the substrates ␣-NA and MTB in both the C and W-1K strains was compared in the abdomens of single adults (Fig. 1A) . SigniÞcant differences were found between males and females for both substrates and in the two strains (P Ͻ 0.001, StudentÕs t-test; data not shown), thus they were analyzed separately. A signiÞcant increase in the hydrolysis of MTB, an aliphatic ester substrate used to measure what is termed "ali-esterase" activity (Campbell et al. 1998a) , was found in both males and females of the W-1K strain compared with the C strain. The total esterase activity, measured using ␣-NA as substrate, also was signiÞ-cantly enhanced in females of the W-1K strain, but not in males. Interestingly, the ␣-NA activity of single females from the W-1K strain (150 Ð 650 nmol/ min/mg protein) presented a broader distribution than the estimated for females from the C strain (100 Ð 500 nmol/min/mg protein; Fig. 1B ). In the case of the MTB activity, the distribution was broader for both males and females of the W-1K strain (50 Ð250 nmol/ min/mg protein for males and 50 Ð 450 nmol/min/mg protein for females) compared with individuals from the C strain (50 Ð150 and 50 Ð300 nmol/min/mg protein for males and females, respectively; Fig. 1C ).
Discussion
The detection of resistance to malathion in Spanish Mediterranean fruit ßy Þeld populations in 2004 (Magañ a et al. 2007) , jointly with the exclusion in 2009 of this insecticide for its use against this pest in the European Union, have prompted the need for a careful analysis of alternative insecticides to be used for the control of this major citrus pest. The effect of three baited insecticides (spinosad, lambda-cyhalothrin and phosmet) on C. capitata under laboratory conditions was evaluated, being spinosad the best option in terms of efÞcacy and lack of side effects on beneÞcial arthropods (Urbaneja et al. 2009 ). However, to develop a successful management program and maintain the effectiveness of pesticides in the Þeld, it will be essential to select insecticides with no cross-resistance Robertson and Preisler (1992) .
c Good Þt of the data to the probit model (P Ͼ 0.05). d SR is signiÞcant (P Ͻ 0.05) if the 95% FL does not include 1. to malathion. In this work, we studied cross-resistance in the malathion-resistant W-4Km strain (176-fold resistant, compared with the C susceptible strain). As such, we have analyzed its susceptibility to a range of insecticides with different modes of action: organophosphates and carbamates (targeting AChE), the pyrethroid lambda-cyhalothrin (a sodium channel modulator), spinosad (activation of nicotinic acetylcholine receptors and targeting also GABA receptors), and the benzoylphenylurea lufenuron (an inhibitor of chitin biosynthesis with chemosterilant activity). Among the insecticides used, some are currently approved for C. capitata control in citrus (lambda-cyhalothrin, spinosad, lufenuron, and methyl-chlorpyrifos) or other crops (phosmet), some were used in the past for the control of this species (malathion, trichlorphon, and diazinon), and there are no records of Þeld use against this species for carbaryl. Testing these insecticides we can provide information on both the mechanism(s) associated with resistance in the Mediterranean fruit ßy malathion-resistant strain, and on the appropriate use of alternative insecticides to malathion, avoiding the maintenance of positive selection favoring the frequency of resistance allele(s).
A)
Resistance to malathion in C. capitata is believed to be multifactorial, with the single point mutation G328A in the AChE conferring target site insensitivity, and metabolic resistance probably mediated by esterases (Magañ a et al. 2007 (Magañ a et al. , 2008 . Cross-resistance to organophosphates (trichlorphon, diazinon, phosmet, and methyl-chlorpyrifos) and the carbamate carbaryl found in the W-4Km strain could be explained by the altered AChE. Nonetheless, the high resistance showed to malathion in comparison with other organophosphates and carbamates could be explained by, at least, two different hypothesis. First, the mutation G328A may confer higher insensitivity to malaoxon (active form of malathion) than to other AChEtargeting insecticides, as it has been reported for the equivalent AChE mutations in Musca domestica L. (Walsh et al. 2001) and Drosophila melanogaster (Meigen) (Menozzi et al. 2004 ). Second, given that an esterase-mediated resistant mechanism may be operating in the W-4Km strain (Magañ a et al. 2008) , differential interaction with esterases, including malathion-speciÞc hydrolysis (Campbell et al. 1998a) , also could explain the speciÞcity toward malathion.
The occurrence of multifactorial resistance in the malathion-resistant strain is also compatible with the results obtained analyzing the susceptibility of the W-4Km strain to insecticides that do not target AChE. Thus, the W-4Km strain had reduced susceptibility to lambda-cyhalothrin (three-fold), lufenuron (six-fold), and spinosad (1.5-fold). Remarkably, the two insecticides that showed higher cross-resistance have chemical structures that can be targeted by esterases, whereas spinosad does not. It is known that esterases may mediate resistance by insecticide hydrolysis and/or by sequestering of the insecticides, binding permanently to the inhibitor molecule and preventing it from reaching its target site (Hemingway 2000 . Pyrethroids contain a central ester bond in their structure and several cases of cross-resistance between malathion and pyrethroids have been associated with increased esterase activity (Chen and Sun 1994 , Bisset et al. 1997 , Heidari et al. 2005 . Benzoylphenylureas do not possess ester bonds, and the main mechanism of resistance to lufenuron identiÞed so far is mediated by the overexpression of P450 genes (Daborn et al. 2002 , Bogwitz et al. 2005 . However, the cleavage between the carboxyl and amide groups of benzoylphenylureas has been reported in "in vivo" studies in insects (Ivie and Wright 1978, El Saidy et al. 1989) , and bioassays with synergists suggested that the hydrolysis is mediated by esterases (El Saidy et al. 1989 , Ishaaya 1993 .
Our results showed that resistance to malathion, previously found in Þeld populations, may confer some degree of cross-resistance to other insecticides (lambda-cyhalothrin, lufenuron, and methyl-chlorpyrifos) currently approved for the control of C. capitata in citrus crops. The use of lambda-cyhalothrin and lufenuron was restricted to a few areas at the time when the malathion-resistant strain was established from a Þeld population, which makes unlikely that resistance to these insecticides could have been selected independently. However, methyl-chlorpyrifos was frequently used during this period for the control of other citrus pests, which may have contributed to the selection of resistance. A previous study showed that the susceptibility of the W strain to spinosad was only 1.7-fold higher compared with the control laboratory strain (Magañ a et al. 2007 ). Similar results (1.5-fold) were obtained when the W4Km strain was tested. Therefore, the susceptibility to spinosad was not affected by the increase in selection pressure with malathion to obtain W-4Km from W, indicating that the effectiveness of spinosad for Mediterranean fruit ßy control does not seem to be compromised with increasing levels of resistance to malathion. We also have tested insecticides that have been used for the control of C. capitata in the past, such as diazinon (soil treatment for fallen fruit), phosmet, and trichlorphon, showing that the W-4Km strain was seven-to 16-fold more resistant than the C strain. This fact suggests that the mechanism that confers resistance to malathion also confers cross-resistance to these insecticides, although we cannot discard the possibility of independent resistance mechanisms because of their previous use for C. capitata control. Resistance to malathion has been shown to confer cross-resistance to other organophosphates and carbamates in dipteran species, such as Bactrocera dorsalis (Hendel) (Hsu et al. 2004) and Lucilia cuprina (Wiedemann) (Campbell et al. 1998b ). Moreover, cross-resistance between malathion and pyrethroids has been reported in many insects (Chen and Sun 1994 , Bisset et al. 1997 , Heidari et al. 2005 , and a laboratory colony of the tephritid B. dorsalis selected for resistance to malathion showed cross-resistance to spinosad (Hsu and Feng 2006) . There are no records of malathion-selected strains with cross-resistance to lufenuron, but laboratory selection of D. melanogaster with DDT resulted in a wide cross-resistance spectrum of functionally diverse chemicals, including lufenuron and malathion (Hemingway et al. 2004) .
A lambda-cyhalothrin resistant strain (W-1K) was generated from the malathion-resistant strain (W-4Km) after only 12 generations of selection with lambda-cyhalothrin. The W-1K strain exhibited low levels of susceptibility to lambda-cyhalothrin (LC 50 ϭ 759 ppm), putatively allowing survival at concentrations recommended for Þeld treatments (125 ppm). Moreover, the LC 50 of W-1K to malathion was 2,924 ppm, indicating that resistance to malathion was not lost during the selection with lambda-cyhalothrin. We have shown that DEF signiÞcantly synergized the insecticidal activity of lambda-cyhalothrin against the W-1K strain, suggesting that esterases are associated with the development of resistance to this insecticide during laboratory selection. Moreover, when esterase activity toward MTB was analyzed, an increased activity was obtained in both males and females of the W-1K strain, compared with those of the susceptible C strain. This result contrasts with the lower MTB activity reported for the malathion-resistant W strain (Magañ a et al. 2008) . However, different esterase genes may have been selected during the selection processes with malathion and lambda-cyhalothrin. In addition, methodological differences between both studies (adults separated by sex in this study) may account for some of the variation. Together, these results suggest that resistance to lambda-cyhalothrin, associated to an unknown esterase-mediated mechanism, have rapidly evolved after selection with this insecticide over the resistant allele(s) previously selected by malathion treatments. Therefore, the potential for Þeld resistance to commercial formulations of lambda-cyhalothrin must be considered, particularly in those citrus-growing areas of Spain where malathion resistance was originally detected (Magañ a et al. 2007 ). Nonetheless, it has been suggested that, in addition to its toxic effect, lambdacyhalothrin caused a disabling effect on surviving C. capitata adults that could not ßy and might prevent the females from reaching the fruit to oviposit in the Þeld (Urbaneja et al. 2009 ). Likewise, it has been reported that feeding and oviposition behaviors may be impaired in insects by sublethal doses of lambda-cyhalothrin (Desneux et al. 2004 , Rose et al. 2006 . Thus, although the toxic effect of lambda-cyhalothrin may be compromised by cross-resistance with malathion, this pyrethroid seems to have other effects on C. capitata that are contributing to the effective control of this pest in the Þeld.
In conclusion, cross-resistance to different insecticides has been revealed for a malathion-resistant strain of C. capitata. Some of these insecticides (lambdacyhalothrin, methyl-chlorpyrifos, and lufenuron) are currently approved for the control of C. capitata in the same Spanish citrus growing areas where Þeld resistance to malathion was reported. Especially relevant is the case of the widely used lambda-cyhalothrin, because we have established that resistance to this insecticide can rapidly evolve to levels that may compromise its effectiveness to control this pest. Appropriate resistance management strategies must be implemented to extend the life span of these products.
This would include rotation with insecticides showing lower levels of cross-resistance to malathion, such as spinosad, and a proactive resistance-monitoring plan.
